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ABSTRACT MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene ex-
pression posttranscriptionally through silencing or degrading their targets, thus play-
ing important roles in the immune response. However, the role of miRNAs in the
host response against infectious bursal disease virus (IBDV) infection is not clear. In
this study, we show that the expression of a series of miRNAs was significantly al-
tered in DF-1 cells after IBDV infection. We found that the miRNA gga-miR-130b in-
hibited IBDV replication via targeting the specific sequence of IBDV segment A
and enhanced the expression of beta interferon (IFN-B) by targeting suppressors of
cytokine signaling 5 (SOCS5) in host cells. These findings indicate that gga-miR-
130b-3p plays a crucial role in host defense against IBDV infection.

IMPORTANCE This work shows that gga-miR-130b suppresses IBDV replication via
directly targeting the viral genome and cellular SOCS5, the negative regulator for
type | interferon expression, revealing the mechanism underlying gga-miR-130-
induced inhibition of IBDV replication. This information will be helpful for the under-
standing of how host cells combat pathogenic infection by self-encoded small RNA
and furthers our knowledge of the role of microRNAs in the cell response to viral in-
fection.
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nfectious bursal disease (IBD), also called Gumboro disease, is an acute, highly

contagious disease in young chickens across the world (1). Its causative agent, IBD
virus (IBDV), causes a severe immunosuppression by destroying its target cells—the
B-lymphocyte precursors in diseased chickens—which leads to an increased suscepti-
bility to other pathogens (2). IBDV is an avibirnavirus belonging to the Birnaviridae
family, containing two segments of double-stranded RNA (dsRNA) (A and B) (3). The
short RNA, segment B (2.8 kb), encodes VP1, an RNA-dependent RNA polymerase
(RdRp) (4, 5), while segment A, the large molecule (3.17 kb), contains two partially
overlapping open reading frames (ORFs) (6). The first ORF encodes the nonstructural
viral protein 5 (VP5), and the second one encodes a 110-kDa pVP2-VP4-VP3 precursor
that can be cleaved by the proteolytic activity of VP4 to form viral proteins VP2, VP3,
and VP4 (7, 8). The immune system senses virus infection by recognizing pathogen-
associated molecular patterns (PAMPs) via pattern recognition receptors (PRRs) and
initiates antiviral responses by producing type | interferons (IFNs). IBDV infection
triggers expression of genes involved in Toll-like receptor (TLR)- and IFN-mediated
antiviral responses (9). It has been reported that IFN-a has strong antiviral activities in
IBDV-infected cells (10), suggesting that type | interferon of host cells may play a critical
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role in combating IBDV. Interestingly, cellular microRNAs (miRNAs) acted against viral
infection by targeting the genomes of viruses (11-13), and meanwhile, some miRNAs
were reported to regulate IFN production (14-16) or IFN downstream signals (17). These
findings indicate that miRNAs play important roles in host defense against viral
infection (18).

MicroRNAs are small noncoding RNAs of 20 to 24 nucleotides that regulate eukary-
otic gene expression posttranscriptionally by affecting degradation and translation of
target mRNAs (19-21). Some studies have proposed that miRNAs protect and activate
gene expression in certain cells (22). As the research on miRNAs goes on, the roles of
miRNAs in various biological processes have gradually been deciphered, including roles
in the development and differentiation of cancer (23), cell proliferation and differenti-
ation (24), cell cycle and apoptosis (25), and immunoregulation and viral infection (26,
27). The miRNA miR-130b-3p, belonging to the miR-130/301 family, has been found to
be involved in different human physiological activities and cancers, such as pancreatic
cancer (28), hepatocellular carcinoma (29), colorectal cancer (30), and bladder cancer
(31). Although recent evidence shows that miR-130b takes part in the regulation of
cytokine expression (32-34), its role in the cell response to viral infection remains
elusive.

In this study, we demonstrate that miR-130b acts as an antagonist against IBDV
infection via suppressing virus replication and upregulating type | interferon expres-
sion. We identified IBDV segment A and suppressors of cytokine signaling 5 (SOCS5), a
negative regulator of the JAK-STAT signaling pathway, as bona fide targets of miR-130b.
Ectopic expression of miR-130b effectively suppressed IBDV replication by directly
targeting viral RNAs and enhanced IFN-$3 expression via inhibiting the expression of
SOCS5, indicating that miR-130b plays a key role in the host response to IBDV infection.

RESULTS

The expression of miR-130b-3p increases in DF-1 cells with IBDV infection. To
identify the miRNAs involved in the host response to IBDV infection, we performed a
high-throughput sequencing assay to obtain miRNA profiles of DF-1 cells infected with
IBDV strain Lx at a multiplicity of infection (MOI) of 0.1 for 24 h. Using the KEGG and GO
pathway analysis database, we analyzed four major antiviral pathways that were
targeted by miRNAs that were differentially expressed upon IBDV infection (Fig. 1A).
The results showed that 296 miRNAs were involved. Among them, 214 miRNAs were
engaged in a JAK-STAT signaling pathway, 207 in a Toll-like receptor-mediated signal-
ing pathway, 164 in a RIG-I-like receptor (RLR)-mediated signaling pathway, and 244 in
a cytokine-cytokine receptor signaling pathway. Several miRNAs, such as miR-27a,
miR-30, miR-130b, and miR-146, attracted our attention because their expression
changed significantly upon IBDV infection and they had been reported to participate in
the immune response (16, 34-37). We focused on the role of miR-130b in the cell
response to IBDV infection because this miRNA participated in the antiviral process
(38-40).

The results from high-throughput sequencing assay of IBDV-infected cells exhibited
a decrease of miR-130b expression, suggesting that cellular miR-130b might be in-
volved in IBDV infection. To further determine the effect of IBDV infection on miRNA
expression, we performed quantitative reverse transcription-PCR (qRT-PCR) to examine
the expression of mature miRNAs in cells with IBDV infection at an MOI of 0.1 at
different time points or at different doses (Fig. 1B and C). Unexpectedly, we found that
the expression of miR-130b in cells markedly increased after IBDV infection compared
to that in mock-infected cell controls and that the expression of miR-130b was
upregulated with increasing doses, reaching the peak level in cells with IBDV infection
at an MOI of 1 but declining with a higher dose. These results indicate that expression
of miR-130b in cells with IBDV infection increased in a time- and dose-dependent
manner.

gga-miR-130b is involved in type | interferon expression. Host cells combat viral
infection by producing type | interferon upon recognition of viral dsRNA by TLR3 or
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FIG 1 Infection of DF-1 cells with IBDV strain Lx enhances gga-miR-130b expression. (A) KEGG pathway
enrichment analysis of miRNAs that were differentially expressed in DF-1 cells upon IBDV infection. The
major antiviral pathways in which these miRNAs participated were noted and analyzed. The percentage
was calculated as follows: number of miRNAs involved in the cytokine-cytokine receptor, TLR, RLR, or
JAK-STAT pathway/total number of miRNAs that participated in these four antiviral pathways. (B)
Expression of gga-miR-130b in DF-1 cells with IBDV infection at different time points. DF-1 cells were
infected with IBDV at an MOI of 0.1 or mock infected. At different time points (12, 24, 36, and 48 h) after
IBDV infection, total RNA was extracted and qRT-PCR was performed to detect gga-miR-130b transcripts.
The relative level of gga-miR-130b expression was calculated as follows: expression of miR-130b in
IBDV-infected or normal cells/expression of miR-130b in normal cells at 12 h. (C) Expression of gga-miR-
130b in DF-1 cells infected with IBDV at different doses. DF-1 cells were infected with IBDV (at an MOI
of 0.01, 0.1, 1, or 10) or mock infected. Twenty-four hours after infection, total RNA was extracted and
gRT-PCR was performed to detect gga-miR-130b transcripts. The relative level of gga-miR-130b expres-
sion was calculated as follows: expression of miR-130b in IBDV-infected cells/expression of miR-130b in
normal cells. The expression of U6 snRNA was used as an internal control. Data are representative of three
independent experiments and are presented as means and SD. ***, P < 0.001; **, P < 0.01.

RIG-I molecules (41). To explore the effect of miRNAs on antiviral signaling pathways,
we transfected DF-1 cells with miR-130b and examined the expression of type | IFNs
and the related transcriptional regulators NF-«B and IRF3 in these cells in response to
IBDV infection or poly(l-C) treatment. As a result, overexpression of miR-130b markedly
enhanced the expression of IFN-B in cells with IBDV infection or poly(l-C) treatment,
while IFN-a expression was not affected (Fig. 2A and B). Further, we tested the
expression of two important transcriptional regulators of type | IFN expression: IRF3,
also known as IRF7 in chickens (42, 43), and p65, a member of the NF-«B family with
transcription activity (44, 45). Consistently, the expression of NF-«B and IRF3 was also
upregulated in cells with miR-130b overexpression (Fig. 2C and D). These data suggest
that miR-130b is involved in IFN-B expression in cells in response to IBDV infection. To
consolidate these findings, we transfected cells with miR-130b inhibitors and examined
the expression of type | IFNs, NF-«kB, and IRF3 in cells treated as described above. As
shown in Fig. 3A and B, the expression of IFN-B but not IFN-a was significantly
downregulated in DF-1 cells treated with miR-130b inhibitors compared to that in
miRNA inhibitor control cells. Likewise, the expression of NF-kB and IRF3 was also
downregulated in cells with miR-130b inhibitors (Fig. 3C and D). These data strongly
suggest that miR-130b affects the upstream pathway of NF-«B- and IRF3-regulated type
| interferon expression.

gga-miR-130b inhibits IBDV replication. Through miRNA target site prediction
using RNA22.v2, we found a putative target site of miR-130b in the genome of IBDV Lx.
As shown in Fig. 4A and B, overexpression of miR-130b inhibited the expression of IBDV
VP3 but not VP5, and this inhibition by miR-130b transfection occurred in a dose-
dependent manner. In contrast, transfection of cells with miR-130b inhibitors signifi-
cantly enhanced viral VP3 expression (Fig. 4C and D). These data indicate that miR-130b
specifically inhibits viral VP3 expression. To confirm these results, we performed an
indirect immunofluorescent-antibody assay (IFA) to examine the effect of miR-130b on
IBDV growth in DF-1 cells at 24 h post-IBDV infection, and we measured IBDV growth
in cell cultures at different time points by using 50% tissue culture infective dose
(TCID,) assays. As shown in Fig. 5A to F, transfection of DF-1 cells with miR-130b
significantly suppressed IBDV replication compared to that in control cells. Similarly,
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FIG 2 gga-miR-130b enhances poly(l-C)/IBDV-induced expression of type | interferon. (A to D) DF-1 cells
were transfected with miRNA controls or miR-130b mimics at 80 nM. Eighteen hours after transfection,
cells were infected with IBDV at an MOI of 0.1 or treated with poly(l-C) at a final concentration of 2 ug/ml.
Twelve hours after poly(l-C) treatment or IBDV infection, mRNA expression of IFN-« (A), IFN- (B), IRF3 (C),
and NF-kB-p65 (D) was measured by qRT-PCR, using specific primers. The relative levels of gene
expression were calculated as follows: mRNA expression of IFN-«, IFN-B, p65, or IRF3 in miR-130b-
transfected or normal cells treated with poly(I-C) or IBDV/mRNA expression of miRNA control-transfected
cells in control medium. The expression of GAPDH was used as an internal control. Data are represen-
tative of three independent experiments and are presented as means and SD. *** P < 0.001; **, P < 0.01;
* P < 0.05.

miR-130b markedly slowed IBDV growth as determined by TCIDy, assays (Fig. 5G).
These results revealed the suppressive effect of miR-130b on IBDV replication, including
production of progeny, release, spread, and infection of neighboring cells.

gga-miR-130b directly targets the IBDV genome. The observation that miR-130b
suppressed IBDV replication prompted us to investigate the molecular mechanism
underlying miR-130b-mediated suppression of IBDV. To investigate whether the inhi-
bition of viral replication was due to the direct targeting of the IBDV genome by
miR-130b, we used the RNA22.v2 database to screen for miR-130b target sites on IBDV
genomic RNAs. One target site for miR-130b was noted in IBDV segment A (bp 882 to
901), which was located in the second ORF of segment A and encoded viral proteins
VP2, VP3, and VP4. To confirm the interaction of miRNAs with the target site, we
constructed a firefly luciferase reporter plasmid (pGL3-target-WT) containing the pre-
dicted target site and another construct (pGL3-target-Mut) with a mutation in the seed
region (Fig. 6A). DF-1 cells were cotransfected with miRNAs and luciferase reporter
gene plasmids plus pRL-TK, and then luciferase reporter gene assays were performed.
As shown in Fig. 6B, transfection of cells with miR-130b plus pGL3-target-WT inhibited
luciferase activity compared to that of controls, and this inhibitory effect of miR-130b
occurred in a dose-dependent manner. However, this inhibitory effect could be over-
come by mutation of the inserted target site of miR-130b in the luciferase reporter
vector (Fig. 6C). These results indicate that miR-130b directly inhibits IBDV replication
via targeting of the viral RNA genome.

SOCSS5 is a target of gga-miR-130b in host cells. Since transfection of miR-130b
enhances expression of IFN-B, we set out to explore the underlying mechanism. Using
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FIG 3 Knockdown of endogenous gga-miR-130b by inhibitors reduces poly(l-C)/IBDV-induced expression
of type | interferon. (A to D) DF-1 cells were transfected with miR-130b inhibitors or miRNA inhibitor
controls at 80 nM. Eighteen hours after transfection, cells were infected with IBDV at an MOI of 0.1 or
treated with poly(l-C) at a final concentration of 2 ug/ml. Twelve hours after poly(l-C) treatment or IBDV
infection, cells were harvested for quantification of the expression of IFN-a (A), IFN-B (B), IRF3 (C), and
NF-kB-p65 (D). The relative levels of gene expression were calculated as follows: mRNA expression of
IFN-«, IFN-B, p65, or IRF3 in miR-130b inhibitor-transfected cells or normal controls treated with poly(l-C)
or IBDV/mRNA expression of miRNA inhibitor control-transfected cells in control medium. GAPDH was
used as an internal control. Data are representative of three independent experiments and are presented
as means and SD. ***, P < 0.001; **, P < 0.01; * P < 0.05.

Targetscan and the PicTar database, we identified SOCS5 as the target of miR-130b in
host cells. The region of the SOCS5 3’ untranslated region (3'UTR) at bp 961 contains
the target site of miR-130b. We cloned the target gene into the luciferase reporter gene
vector pGL3-control to examine the effect of miR-130b on target gene expression by
luciferase reporter gene assay. Thus, we constructed a firefly luciferase reporter gene
plasmid (pGL3-socs5-WT) containing the predicted target site in SOCS5 and another
construct (pGL3-socs5-Mut) with mutations in the seed region (Fig. 7A). As shown in
Fig. 7B, transfection of DF-1 cells with miR-130b markedly suppressed the luciferase
activity of cells transfected with pGL3-socs5-WT, indicating that miR-130b inhibited the
mMRNA expression of SOCS5. In contrast, transfection with pGL3-socs5-Mut abolished
miR-130b-mediated inhibition of its target sequence, and inhibition of miR-130b by
miR-130b inhibitors increased the expression of the luciferase reporter vector, to some
extent (Fig. 7C). These data clearly demonstrate that miR-130b suppresses the activa-
tion of the luciferase reporter plasmid carrying the SOCS5 3'UTR by targeting its specific
sequence.

To consolidate these findings, we examined the effect of miR-130b on SOCS5
expression at the protein level by performing Western blotting. Consistently, miR-130b
markedly inhibited SOCS5 expression (Fig. 8A and B). As observed above, this inhibition
was abolished by the presence of miR-130b inhibitors (Fig. 8C and D). These data
strongly suggest that miR-130b enhances the expression of IFN-B via inhibition of
SOCS5, the negative regulator of type | IFN expression.
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FIG 4 gga-miR-130b inhibits IBDV protein expression. (A and B) Transfection of miR-130b in DF-1 cells
reduced expression of VP3 but not VP5. DF-1 cells were transfected with miRNA controls or miR-130b
mimics at different doses, followed by infection with IBDV at an MOI of 0.1. Twenty-four hours after
infection, cell lysates were prepared and examined by Western blotting using anti-VP3 or anti-VP5
antibodies. Endogenous B-actin expression was used as an internal control. The band densities for VP3
and VP5 in panel A were quantitated by densitometry as shown in panel B. The relative levels of VP3 or
VP5 were calculated as follows: band density of VP3 or VP5/band density of B-actin. (C and D) Inhibition
of endogenous gga-miR-130b enhanced IBDV VP3 protein expression. DF-1 cells were transfected with
miR-130b inhibitors or miRNA control inhibitors before being infected with IBDV at an MOI of 0.1.
Twenty-four hours after infection, cell lysates were prepared and examined by Western blotting using
anti-VP3 or anti-VP5 antibody. Endogenous B-actin expression was used as an internal control. The band
densities of VP3 and VP5 in panel C were quantitated by densitometry as shown in panel D. The relative
levels of VP3 and VP5 were calculated as described above. Data are representative of three independent
experiments and are presented as means and SD. ***, P < 0.001.

gga-miR-130b enhances expression of the STAT family. Because SOCS5, a mem-
ber of the SOCS family, is known to be a negative regulator of the JAK-STAT pathway,
it was logical to hypothesize that inhibition of SOCS5 by miR-130b would enhance the
expression of STATs. To test this hypothesis, we examined the mRNA expression of
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FIG 5 gga-miR-130b inhibits IBDV replication. (A to F) Examination of IBDV replication by IFA. DF-1 cells were
transfected with miRNA controls or miR-130b mimics at 80 nM for 18 h, followed by infection with IBDV Lx
at an MOI of 0.1. Twenty-four hours after infection, cells were fixed and examined for the expression
of IBDV VP3 protein by immunofluorescent-antibody assays. The pictures in panels A to C were taken
under a fluorescence microscope, and those in panels D to F were taken under a light microscope.
Magnification, X100. (G) Analysis of the effect of miR-130b on IBDV replication by TCID, assay. DF-1 cells
were transfected with miRNA controls, miR-130b mimics, or medium only. Eighteen hours after trans-
fection, cells were infected with IBDV Lx at an MOI of 0.1. At different time points (12, 24, 48, and 72 h)
after IBDV infection, the viral loads in the cell cultures were determined by TCID,, assays in 96-well plates.
The significance of the differences between miR-130b-transfected cells and controls was determined by
ANOVA (P < 0.05). The graph shows the average viral loads in DF-1 cells for three individual experiments.
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FIG 6 gga-miR-130b directly targets the IBDV genome. (A) Diagram of predicted target sites for miR-130b
in IBDV genomic RNA. The seed sequence of miR-130b is underlined and was mutated as indicated by
the arrow. (B) miR-130b inhibited target gene expression in a dose-dependent manner. DF-1 cells were
cotransfected with luciferase reporter vectors containing wild-type (WT) target sites, pRL-TK, and
miR-130b at different concentrations. At 48 h posttransfection, cells were lysed and luciferase reporter
gene assays were performed to measure luciferase activities. The relative level of luciferase activity was
calculated as follows: luciferase activity of cells cotransfected with the reporter plasmid and miR-130b
mimics/luciferase activity of cells cotransfected with the reporter plasmid and miRNA controls. (C) A point
mutation in the target gene abolished miR-130b-induced suppression of the target gene. DF-1 cells were
cotransfected with miR-130b and the WT or mutant luciferase reporter vector. At 48 h posttransfection,
a luciferase reporter gene assay was performed to measure luciferase activity. The relative level of
luciferase activity was calculated as follows: luciferase activity of cells cotransfected with the reporter
plasmid and miRNA mimics/luciferase activity of cells cotransfected with the WT reporter plasmid and
miRNA controls. Data are representative of three independent experiments and are presented as means
and SD. *** P < 0.001; ** P < 0.01; % P < 0.05.

STAT family members in cells with miR-130b transfection. As shown in Fig. 9A to F,
transfection of DF-1 cells with miR-130b mimics enhanced the expression of STATs in
general, especially that of STATT, -3, and -6, regardless of whether cells were infected
or not, and inhibition of miR-130 decreased the relative expression level. These data
suggest that enhancement of STAT expression via reduction of SOCS5 by miR-130b
contributes to the increase of IFN-B expression and, further, partly suppresses the
replication of IBDV.

gga-miR-130b enhances STAT1 phosphorylation on Tyr701 in DF-1 cells with
chIFN-vy stimulation. Activation of the JAK-STAT pathway is based on the phosphor-
ylation of JAKs and STATs on tyrosine residues (46). As a member of the STAT family,
STAT1 has been reported to play a vital role in antiviral responses of host cells (47-49).
To determine whether miR-130b affects phosphorylation of STAT1, we transfected DF-1
cells with miR-130b mimics, miR-130b inhibitors, or miRNA controls and performed
Western blotting to examine the phosphorylation of STAT1 in DF-1 cells after treatment
with chicken IFN-y (chIFN-v), an activator of STAT1 (50). As shown in Fig. T0A and B,
phosphorylation of STAT1 on Tyr701 was markedly enhanced in miR-130b-transfected
cells post-chIFN-y treatment. In contrast, inhibition of miR-130b reduced phosphory-
lation of STAT1 on Tyr701 (Fig. 10C and D). These results indicate that downregulation
of SOCS5 by miR-130b leads to enhanced phosphorylation of STAT1.

Taken together, our data indicate that miR-130b suppresses IBDV replication via
direct targeting of the IBDV genome and SOCS5.

DISCUSSION

IBD is a highly contagious viral disease that damages lymphoid organs in birds (51).
Because this disease causes immunosuppression in poultry (52, 53), it remains a big
threat to the poultry industry all over the world. Recently, miRNAs, as new players of
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FIG 7 The SOCS5 gene is a cellular target of gga-miR-130b. (A) Diagram of predicted target sites for
miR-130b in the SOCS5 gene. The seed sequence of miR-130b is underlined and was mutated as
indicated by the arrow. (B) Transfection of gga-miR-130b reduced expression of SOCS5. DF-1 cells were
cotransfected with miRNAs and luciferase reporter vectors. At 48 h posttransfection, cells were lysed, and
a luciferase reporter gene assay was performed to measure SOCS5 expression. The relative level of
luciferase activity was calculated as follows: luciferase activity of reporter plasmid-transfected cells or
cells cotransfected with the reporter plasmid and miRNA mimics/luciferase activity of cells cotransfected
with the WT reporter plasmid and miRNA controls. (C) Mutation of the target site abolished the inhibition
of SOCS5 by miR-130b. DF-1 cells were cotransfected with miRNA controls or miR-130b mimics or
inhibitors and luciferase reporter vectors. At 48 h posttransfection, the assay was performed to measure
the luciferase activity. The relative level of luciferase activity was calculated as described above. Data are
representative of three independent experiments and are presented as means and SD. ***, P < 0.001.

regulatory control over gene expression programs, have been well studied, especially
in human cancers. The role of miRNAs in host defense against viral infections has also
been well illustrated (12, 54, 55). It was reported that host miRNAs could inhibit virus
replication via direct targeting of the viral genome in the process of viral infection,
suggesting a new kind of host antiviral mechanism (11, 39, 56). Furthermore, multiple
miRNAs triggered innate immune response or modulated host factors to provide a less
permissive environment for virus replication (15, 57-60). In this study, we observed a
miRNA expression profile for IBDV-infected cells. Among these cellular miRNAs, miR-
130b attracted our attention because it had been reported to regulate the innate
immune system by targeting tumor necrosis factor alpha (TNF-a) in cervical cancer cells
(61) and sustaining NF-«B activation in TCC cell lines (33). In the host response to viral
infections, cellular miR-130b inhibited replication of porcine reproductive and respira-
tory syndrome virus (PRRSV) by directly targeting the PRRSV 5’UTR (39). Similarly, our
data show that miR-130b plays an important role in host defense against IBDV infection.

First, our data showed that the expression of miR-130b was upregulated in cells
during IBDV infection. Second, we found that miR-130b enhanced type | interferon
expression and suppressed IBDV replication and that miR-130b enhanced the mRNA
expression of IRF3 and p65. Third, and also importantly, we identified the specific
sequences in IBDV segment A and the cellular socs5 gene that were targeted by
miR-130b, which led to the upregulation of STATs 1, 3, and 6 and enhanced phosphor-
ylation of STAT1. As a consequence, the expression of type | interferon was upregulated
and IBDV replication was inhibited. These results demonstrate that miR-130b plays an
important role in host defense against IBDV infection.

It is known that miRNAs exert their functions through complementing their target
mRNAs in seed regions (62-64). It has been reported that miR-130b suppresses PRRSV
replication via targeting of the PRRSV 5'UTR (39). Using bioinformatics analysis, we
found one target of miR-130b in the IBDV genome. In addition, our data also show that
the region of the SOCS5 3'UTR at 961 bp contains the target site of miR-130b. These
data unveil the mechanism underlying miR-130b-mediated suppression of IBDV repli-
cation and support the role of miR-130b in host defense against viral infections.
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FIG 8 gga-miR-130b inhibits the expression of SOCS5 in DF-1 cells. (A and B) Transfection of miR-130b
into DF-1 cells reduced expression of SOCS5 at the protein level. DF-1 cells were transfected with miRNA
controls or miR-130b mimics at 80 nM. (A) Forty-eight hours after transfection, cells were harvested, and
the cytosolic proteins were examined by Western blotting using anti-SOCS5 polyclonal antibodies.
GAPDH expression was used as an internal control. (B) The band densities of SOCS5 in panel A were
quantitated by densitometry. The relative level of SOCS5 expression was calculated as follows: band
density of SOCS5 in each sample/band density of GAPDH in the same sample. (C and D) miR-130b
inhibitors enhanced the expression of SOCS5. DF-1 cells were transfected with miRNA controls or
miR-130b mimics or inhibitors. (C) Forty-eight hours after transfection, the expression of SOCS5 was
examined by Western blotting. (D) The band densities of SOCS5 in DF-1 cells in panel C were quantitated
by densitometry, and the relative levels of SOCS5 expression were calculated as described above. Data
are representative of three independent experiments and are presented as means and SD. **, P < 0.01;
*, P < 0.05.

SOCS5 is a member of the SOCS (suppressor of cytokine signaling) family. This
family, also known as the STAT-induced STAT inhibitor (SSI) protein family, contains
eight members, including SOCS1 to -7 and the CIS protein (65, 66). The SOCS proteins
are key negative regulators of cytokine and growth factor signaling (67), and the
upregulated expression of SOCS proteins triggers a negative-feedback process for
overactivated cytokine signaling via several inhibitory mechanisms (68, 69). SOCS5 can
directly bind to the JAK kinase domain via a region in the N terminus, inhibiting the
autophosphorylation of JAK1 and JAK2 and hence negatively regulating JAK-STAT
signaling (70, 71). It has been reported that JAK-STAT signaling plays a critical role in the
host response to viral infections (72, 73). In this study, we found targeting of miR-130b
to SOCS5. Inhibition of SOCS5 by miR-130b enhanced the mRNA expression of STATs
1, 3, and 6 and the phosphorylation of STAT1 on Tyr701 residues. As STATs are involved
in type | interferon expression, which plays a major role in the host antiviral response
(74-76), the enhancement of STAT expression by miR-130b-mediated suppression of
SOCSS5 contributes at least in part to the inhibition of IBDV replication.

RNA viruses are characterized by rapid mutation due to the lack of proofreading
activity of RNA polymerase (77). With regard to miRNA target and virus evolution, some
researchers have suggested that miRNA-binding sites without a positive influence on
virus replication can rapidly be deleted in vivo, while a positive selective pressure will
result in retention of the sites (78). Some researchers have also claimed that miRNA
suppression is one way for viruses to evade innate elimination and result in persistent
infection (18, 79). As it is a double-stranded RNA virus, there is the possibility for IBDV
to partly escape from miR-130b inhibition if the target site of miR-130b on the IBDV
genome is mutated. Interestingly, through analyzing the binding sites of miR-130b in
the genomes of different strains of IBDV, we found that the binding site of miR-130b
had mutations in vvIBDV, while it was relatively conserved in most classical and
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FIG 9 Inhibition of SOCS5 by gga-miR-130b enhances the expression of STATs. (A to F) DF-1 cells were
transfected with miRNA controls or miR-130b mimics or inhibitors at 80 nM. Eighteen hours after
transfection, cells were infected with IBDV at an MOI of 0.1 or left uninfected. Twelve hours after
infection, mRNA expression levels of STAT1 (A), STAT2 (B), STAT3 (C), STAT4 (D), STAT5 (E), and STAT6 (F)
were measured by qRT-PCRs using specific primers, and GAPDH was used as an internal control. The
relative levels of gene expression were calculated as follows: mRNA expression of the STAT gene in
miR-130b-transfected cells or normal cellsymRNA expression of the STAT gene in miRNA control-
transfected cells. Data are representative of three independent experiments and are presented as means
and SD. *** P < 0.001; ** P < 0.01; * P < 0.05.

low-virulence IBDV strains (data not shown). This information indicates that some
vvIBDV strains could evolve to avoid the inhibitory effect of miR-130b on replication by
mutating its binding site. But besides direct targeting of the viral genome, miR-130b in
host cells can also inhibit IBDV replication by enhancing the expression of IFN-(, a vital
cytokine in antiviral responses. Thus, miR-130b plays an important role in the cell
response to IBDV infection.

miR-130b inhibited the replication of IBDV via direct targeting of the IBDV genome
and suppression of SOCS5, an inhibitor of IFN-B signaling in host cells. For both of these
mechanisms, direct targeting of miR-130b to the IBDV genome may play a more
important role in the inhibition of IBDV replication. Compared with the direct inhibi-
tion of viral RNA by miR-130b, the increase of miR-130b on IFN-B was achieved by
inhibition of SOCS5 indirectly, and many other factors in host cells may interfere in
this process. Of course, many tests were needed to verify this hypothesis, such as
testing the inhibition of IBDV replication after mutating the binding site of miR-
130b in the genome.

The mechanism underlying miRNA-mediated suppression of viral replication is
intricate. Host cells employ miRNAs to inhibit viral replication, while some pathogens
use miRNAs to benefit their own replication (80). Several questions need to be
addressed. For example, besides miR-130b, are there any other miRNAs involved in the
host response to IBDV infection? Does miR-130b also act as an antivirus component
in the host defense against other viruses? And are there more targets in signaling
pathways involved in host defense? More efforts will be required to elucidate the
molecular mechanisms underlying the pathogenesis of IBDV infection.

In summary, the present study reveals that miR-130b plays an important role in
inhibiting IBDV replication. It directly targets the IBDV genome, suppressing VP3
expression and viral replication. Furthermore, miR-130b also targets socs5, decreasing
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FIG 10 gga-miR-130b enhances STAT1 phosphorylation on Tyr701 residues. (A and B) miR-130b trans-
fection enhanced phosphorylation of STAT1. DF-1 cells were transfected with miR-130b mimics or miRNA
controls at 80 nM. Twenty-four hours after transfection, cells were stimulated with chicken IFN-y (200
ng/ml) and harvested at the indicated time points. (A) The cell lysates were examined by Western
blotting using anti-pSTAT1 (Tyr701) and anti-STAT1 antibodies. GAPDH expression was used as an
internal control. (B) The band densities of p-STAT1 in panel A were quantitated by densitometry. The
relative level of p-STAT1 was calculated as follows: band density of p-STAT1 in each sample/band density
of GAPDH in the same sample. (C and D) miR-130b inhibitors reduced the phosphorylation of STAT1.
DF-1 cells were transfected with miR-130b inhibitors or miRNA inhibitor controls and stimulated with
chicken IFN-y (200 ng/ml) for the indicated periods. (C) Phosphorylated STAT1 was examined by Western
blotting. (D) The band densities of p-STAT1 in panel C were quantitated by densitometry. The relative
level of p-STAT1 expression was calculated as described above. Data are representative of three
independent experiments and are presented as means and SD. ** P < 0.01.

the expression of SOCS5, a negative regulator of the JAK-STAT signaling pathway and
thus upregulating the expression of type | interferon. These findings may provide
important insight into the roles of miRNAs in host defense against viral infections.

MATERIALS AND METHODS

Cells and virus. DF-1 cells were obtained from the ATCC and were cultured in Dulbecco modified
Eagle medium (DMEM) (Invitrogen, USA) supplemented with 10% fetal bovine serum (FBS) in a 5% CO,
and 37°C incubator. Lx, a cell culture-adapted IBDV strain, was kindly provided by Jue Liu (Beijing
Academy of Agriculture and Forestry, Beijing, China).

Reagents. All miRNA mimics and inhibitors were synthesized by Gene Pharma (Shanghai, China). The
pGL3-control plasmid was kindly provided by Wenghai Feng (China Agriculture University, Beijing,
China). All restriction enzymes were purchased from TaKaRa (Japan). Endotoxin-free plasmid preparation
kits were purchased from Aidlab (Beijing, China). Monoclonal antibodies against IBDV VP3 (EU0206), VP4
(EU0207), and VP5 (EU0208) and chicken IFN-y (EU0216) were obtained from CAEU Biological Company
(Beijing, China). Polyclonal antibodies against chicken SOCS5 were prepared by immunizing BALB/c mice
with prokaryotically expressed chicken SOCS5 protein in our laboratory. Anti-actin (sc-1616-R) antibody
was obtained from Santa Cruz Biotechnology (USA). Anti-glyceraldehyde-3-phosphate dehydrogenase
(anti-GAPDH) mouse monoclonal antibodies were obtained from GBC Lifetech (China). Anti-STAT1
antibodies were obtained from Cell Signal Technology (USA), and anti-pSTAT1 (Tyr701) antibodies were
obtained from Proteintech (USA). Poly(l-C) was purchased from Sigma (USA). Fluorescein isothiocyanate
(FITC)-conjugated goat anti-mouse IgG and horseradish peroxidase (HRP)-conjugated goat anti-mouse
1gG antibodies were purchased from DingGuo (China). OPTI-MEM |, jetPRIME transfection reagents, and
Lipofectamine 2000 were purchased from Invitrogen (USA). An enhanced chemiluminescence (ECL) kit
was purchased from Kangwei Biological Company (China). A dual-luciferase assay kit was purchased from
Promega (USA).

miRNA mimics and miRNA target prediction. DF-1 cells were mock infected or infected with IBDV
at an MOI of 0.1 for 24 h, and then the total RNA was extracted and purified. Deep sequencing was
performed by LC Sciences (Hangzhou, China). Mimics/inhibitors of miRNAs were synthesized by Gene-
Pharma Company. The sense sequences were as follows: for miR-130b-3p mimics, 5'-CAGUGCAAUAAU
GAAAGGGCGU-3’; for miR-130b-3p inhibitors, 5'-ACGCCCUUUCAUUAUUGCACUG-3’; for the negative
control, 5-UUCUCCGAACGUGUCACGUTT-3’; and for negative-control inhibitors, 5'-CAGUACUUUUGUG
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UAGUACAA-3'. miRNA targets in IBDV RNA were predicted by use of RNA22.v2 (https://cm.jefferson.edu/
rna22/Interactive/). miRNA targets in host cells were predicted by use of Targetscan7.0 (http://www
.targetscan.org/vert_70/), Microcosm Targets (http://www.ebi.ac.uk/enright-srv/microcosm/cgi-bin/
targets/v5/genome.pl), and PicTar (http://www.pictar.org/).

Construction of plasmids. Target sequences of miR-130b were cloned using the following primers:
for the miR-130b target sequence in IBDV segment A, sense primer 5'-GGGGTACCGCTTACCCACAT
CATA-3’ and antisense primer 5'-GAAGATCTTACCACCATGGATCGTC-3’ (GenBank accession number
171906501); for the miR-130b target sequence in SOCS5, sense primer 5'-GCTCTAGAAAGCTTATGGGA
ATC-3" and antisense primer 5'-CGTCTAGATGGATTAAGATTGCATG-3’ (GenBank accession number
971386812). Primers for the mutated target sequence were as follows: for the mutated target sequence
of miR-130b in segment A, sense primer 5'-AAGCGTCCACGGCCATCTCCAGGGCGCCACCATCTA-3" and
antisense primer 5'-TAGATGGTGGCGCCCTGGAGATGGCCGTGGACGCTT-3'; and for the mutated target
sequence of miR-130b in SOCS5, sense primer 5'-AAACATTTTAAAATTAACAAATTGAAAGATATTTACA-3'
and antisense primer 5'-TGTAAATATCTTTCAATTTGTTAATTTTAAAATGTTTT-3". All the primers were syn-
thesized by Sangon Company (China). All the fragments were amplified by PCR using LA Tag DNA
polymerase under the following conditions: 94°C for 5 min, 30 cycles of 94°C for 30 s, 55°C for 30 s, and
72°C for 1 min, and 72°C for 10 min. The products were stored at 4°C.

Immunofluorescent-antibody assay (IFA). DF-1 cells were infected with IBDV strain Lx at an MOI of
0.1 and incubated at 37°C for 2 h. Uninfected DF-1 cells were used as negative controls. Two hours after
incubation, the medium was changed to fresh DMEM with 2% FBS and continuously incubated for 24 h.
The cells were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, blocked with 1%
bovine serum albumin (BSA), and incubated with anti-IBDV VP3 monoclonal antibody followed by
FITC-conjugated goat anti-mouse IgG antibodies. The cells were visualized by use of a fluorescence
microscope.

qRT-PCR analysis. Total RNA was prepared from DF-1 cells by use of an Aidlab RNA extraction and
purification kit or miRNA extraction kit per the manufacturer’s instructions. One microgram of total RNA
was used for cDNA synthesis by reverse transcription, using an RT-PCR kit (TaKaRa). Primers used for
gRT-PCR were as follows: for IBVD VP3, sense primer 5'-ATGTGGCTGGAAGAGAATGG-3' and antisense
primer 5’-GCCCTTTGAGACTTGCTACCT-3'; for chicken GAPDH (chGAPDH), sense primer 5’-CAACTACAT
GGTTTACATGTTCC-3" and antisense primer 5'-GGACTGTGGTCATGAGTCCT-3’; for chIFN-e, sense primer
5'-CCAGCACCTCGAGCAAT-3’ and antisense primer 5'-GGCGCTGTAATCGTTGTCT-3’; for chIFN-B, sense
primer 5’-GCCTCCAGCTCCTTCAGAATACG-3' and antisense primer 5'-CTGGATCTGGTTGAGGAGGCTGT-3';
for chp65, sense primer 5'-CCACAACACAATGCGCTCTG-3" and antisense primer 5'-AACTCAGCGGCGTC
GATG-3'; for chIRF3, sense primer 5'-GCTCTCTGACTCTTTCAACCTCTT-3" and antisense primer 5'-AATGC
TGCTCTTTTCTCCTCTG-3'; for chSOCS5, sense primer 5'-CGCTTCCTGTTTGATTTGGT-3' and antisense
primer 5’-ACTTCGCTCATCGTGCTTTT-3'; for chSTAT1, sense primer 5-CTTGATGCTGGGAGAGGAGT-3’
and antisense primer 5'-TGAGGGAGAGAGAGCGAAAG-3'; for chSTAT2, sense primer 5'-AGCAAAACTGT
CCTGGTTGG-3’ and antisense primer 5'-GACCCTCATTGGTGCCTCT-3'; for chSTAT3, sense primer 5'-TGT
TGGCAGATGAGGAGTTG-3' and antisense primer 5'-GTGATTCGGCAAGAGAGGTTA-3’; for chSTAT4, sense
primer 5'-TGAAAGCAATCTGGGTGGA-3' and antisense primer 5'-TCGCAGTATGTCAGCAAAGG-3’; for
chSTATS5, sense primer 5'-TTGACCTGGACGACACCAT-3’ and antisense primer 5'-GACACAAACACGGCACA
GTC-3'; and for chSTATS, sense primer 5'-GGAAAGCGAAAGGGACAAAC-3’ and antisense primer 5'-GATGG
GGTTCAGCAGGTTCT-3'. All primers were designed with reference to previous publications (41) and
synthesized by Sangon Company. The analysis of real-time PCR was carried out with a Light Cycler 480
machine (Roche, USA). PCR was performed in a 20-ul volume containing 2 ul of cDNA, 10 ul of 2X SYBR
green Ex Taq premix (TaKaRa), and 0.4 M (each) gene-specific primers. Thermal cycling parameters were
as follows: 94°C for 2 min; 40 cycles of 94°C for 20 s, 55°C for 20 s, and 72°C for 20 s; and 1 cycle of 95°C
for 30's, 60°C for 30 s, and 95°C for 30 s. qRT-PCR analysis of gga-miR-130b was performed with an RT-PCR
quantitation kit (GenePharma, China). Thermal cycling parameters for miRNA were as follows: 95°C for 3
min; 40 cycles of 95°C for 12 s and 62°C for 40 s; and 1 cycle of 95°C for 30 s, 60°C for 30 s, and 95°C for
30 s. The final step was to obtain a melting curve for the PCR products to determine the specificity of
the amplification. All samples were used in triplicate on the same plate, and the GAPDH gene or U6
snRNA was utilized as the reference gene. The expression levels of genes were calculated relative to that
of the GAPDH gene or U6 snRNA and are presented as fold increases or decreases relative to the control
sample level.

Preparation of polyclonal antibodies and Western blotting. To generate polyclonal antibodies
against chSOCS5, 6-week-old BALB/c mice were immunized with prokaryotically expressed chSOCS5
protein three times at 3-week intervals. Blood was taken from the orbital sinuses of immunized mice for
measurement of anti-chSOCS5 antibodies by indirect enzyme-linked immunosorbent assay (ELISA). To
determine the effect of miR-130b on its target, DF-1 cells (6 X 10%) were seeded in 6-well plates and
cultured for 24 h before transfection with miR-130b mimics or inhibitors or a negative control by use of
Lipofectamine 2000. To examine the effect of miRNAs on IBDV replication, DF-1 cells were transfected
with miRNAs. Eighteen hours after transfection, cells were infected with or without IBDV at an MOI of 0.1.
Cell lysates were prepared using a lysis buffer (50 mM Tris-HCl, pH 8.0; 150 mM NaCl; 1% NP-40; 5 mM
EDTA; 10% glycerol; 1X complete protease inhibitor cocktail) before being boiled with 6 SDS loading
buffer for 10 min. The samples were fractionated by electrophoresis on 10% SDS-PAGE gels, and resolved
proteins were transferred to polyvinylidene difluoride (PVDF) membranes. After blocking with 5% skim
milk, the membranes were incubated with anti-VP3, anti-VP5, anti-actin, or anti-GAPDH antibody,
followed by appropriate HRP-conjugated secondary antibodies. To examine the effect of miRNAs on
cellular targets, DF-1 cells were transfected with miRNA mimics or inhibitors or a negative control.
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Forty-eight hours after transfection, the cell lysates were subjected to Western blotting using anti-GAPDH
or anti-SOCS5 antibody followed by HRP-conjugated goat anti-mouse secondary antibodies. Blots were
developed using an ECL kit.

Dual-luciferase reporter gene assays. DF-1 cells were seeded in 24-well plates and transfected with

luciferase reporter gene plasmids (pGL3-target-wt or pGL3-target-mutant) and miRNA mimics, inhibitors,
or controls by use of Lipofectamine 2000. To normalize for transfection efficiency, 0.01 ug of the pRL-TK
Renilla luciferase reporter gene plasmid was added to each transfection mixture. Forty-eight hours after
transfection, luciferase reporter gene assays were performed with a dual-luciferase assay kit (Promega,
USA). Firefly luciferase activities were normalized on the basis of Renilla luciferase activities. Each reporter
gene assay was repeated at least three times. Data are shown as averages = standard deviations (SD).

Measurement of IBDV growth in DF-1 cells. DF-1 cells transfected with miRNA mimics or miRNA

controls were infected with IBDV at an MOI of 0.1, and cell cultures were collected at different time points
(12, 24, 48, and 72 h) after infection. After being freeze-thawed three times, the cell culture samples were
centrifuged at 2,000 X g for 10 min, and the supernatants were saved at —80°C until use. The viral
contents in the total cell lysates were titrated using a TCID,, assay with DF-1 cells. Briefly, the viral
solution was diluted 10-fold in DMEM. A 100-ul aliquot of each diluted sample was added to the well of
a 96-well plate, followed by addition of 100 ul of DF-1 cells at a density of 5 X 10° cells/ml. Cells were
cultured at 37°C in 5% CO, for 5 days. Tissue culture wells with cytopathic effect (CPE) were determined
to be positive. The titer was calculated based on a previously described method (81).

Examination of STAT1 phosphorylation. DF-1 cells were seeded in 24-well plates before transfec-

tion with miRNA controls or miR-130b mimics or inhibitors. Twenty-four hours after transfection, the cells
were stimulated with chicken IFN-y (200 ng/ml) for the indicated times. The cells were then lysed, and
cell lysates were examined by Western blotting using anti-pSTAT1 (Tyr701), anti-STAT1, and anti-GAPDH
antibodies, followed by proper HRP-conjugated secondary antibodies. Blots were developed using an
ECL kit.

Study approval. All procedures for animal experiments were approved by the Institutional Animal

Care and Use Committee of China Agricultural University (approval no. SKLAB-2016-01-06) and used in
accordance with regulations and guidelines of this committee.

Statistical analysis. The significance of differences in gene expression, luciferase activities, and viral

growth between miRNA mimics or inhibitors and controls was determined by the Mann-Whitney test and
analysis of variance (ANOVA), as appropriate.

under accession number GSE90095.
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